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Arabidopsis thalianaom the model plant Arabidopsis thaliana reveals the presence of a diverse
multigene family of formin-like sequences, comprising more than 20 isoforms. This review highlights recent
ﬁndings from biochemical, cell biological and reverse-genetic analyses of this family of actin nucleation
factors. Important advances in understanding cellular function suggest major roles for plant formins during
cytokinesis and cell expansion. Biochemical studies on a subset of plant formins emphasize the need to
examine molecular mechanisms outside of mammalian and yeast systems. Notably, a combination of
solution-based assays for actin dynamics and timelapse, single-ﬁlament imaging with TIRFM provide
evidence for the ﬁrst non-processive formin (AtFH1) in eukaryotes. Despite these advances it remains
difﬁcult to generate a consensus view of plant formin activities and cellular functions. One limitation to
summarizing formin properties relates to the enormous variability in domain organization among the plant
formins. Generating homology-based predictions that depend on conserved domains outside of the FH1 and
FH2 will be virtually impossible for plant formins. A second major drawback is the lack of facile techniques
for examining dynamics of individual actin ﬁlaments within live plant cells. This constraint makes it
extremely difﬁcult to bridge the gap between biochemical characterization of particular formin and its
speciﬁc cellular function. There is promise, however, that recent technical advances in engineering
appropriate ﬂuorescent markers and new ﬂuoresence imaging techniques will soon allow the direct
visualization of cortical actin ﬁlament dynamics. The emergence of other model systems for studying actin
cytoskeleton in vivo, such as the moss Physcomitrella patens, may also enhance our knowledge of plant
formins.
© 2008 Elsevier B.V. All rights reserved.1. General statement
Two years ago, we presented our latest data on Arabidopsis
FORMIN1 (AtFH1). At the end of the talk a voice from the back of
the room questioned “why so many formins in plants?”
Despite recent signiﬁcant progress toward understanding the
cellular andmolecular functions of a subset of Arabidopsis formins, the
large number and diversity of formin isoforms in plants complicates
establishment of a consensus view of their mechanism of action.
Perhaps such a consensus mechanism will never be applicable to the
large plant formin family but, in any case, answering this questionwill
require substantial further effort from the plant community. Although
more than 20 formin isoforms within the genome of the model plant
Arabidopsis thaliana provide an ample supply of targets [1–3], the
powerful reverse-genetics approach readily available to plant
researchers has revealed surprisingly few biological functions forhoin), staiger@purdue.edu
ll rights reserved.plant formins [4]. This is likely due to overlapping expression patterns
and functional redundancy among the formin isoforms. However,
recent biochemical characterization of plant-speciﬁc formins inclu-
ding AtFH1, AtFH5, AtFH4 and AtFH8 has revealed unique features of
these proteins compared to mammalian or yeast formins, including
the ﬁrst example of a non-processive formin [4–8]. This review
focuses attention on the ﬁeld of formin function by pointing out
similarities and differences between plant and other eukaryotic
formins.
2. Actin cytoskeleton in plants
Actin ﬁlaments are dynamic polymers that undergo assembly and
disassembly simultaneously. In mammalian cells, actin cytoskeletal
arrays provide a molecular framework for various cellular processes
including cell morphogenesis, establishment of cell polarity and cell
motility [9]. Powering these cellular functions often hinges on the
ability of the actin cytoskeleton to produce forces as large as a few
nanoNewtons near membranous structures [10]. These forces can be
generated directly through polymerization of actin ﬁlaments in
branched or bundled networks or through the activity of motor
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based tracks. Most models for cell motility hold that polymerization of
a dendritic actin ﬁlament array at the leading edge is necessary for
protrusion of the lamellipodium, whereas assembly of bundled
ﬁlament arrays drives the formation of ﬁlopodia [11,12].
Besides the obvious fact that the cells in ﬂowering plants are not
motile, they are also encased by a thick cell wall that is in theory too
stiff to be directly deformed by the actin cytoskeleton pushing on the
plasma membrane [13]. Accordingly, many biologists take the view
that actin ﬁlaments in plant cells, organized into prominent bundles
and cables, mainly serve as passive tracks for myosin-based move-
ment of organelles and endomembrane systems. Numerous reports
document the actomyosin-dependent motility of mitochondria,
chloroplasts, peroxisomes, and Golgi stacks (reviewed by [14–16]).
Nevertheless, the actin cytoskeleton is an important contributor to
plant cell growth and development. Indeed, pharmacological and
genetic studies provide awealth of evidence for actin's role in a variety
of cellular processes such as guard cell shape changes, cell polarity
establishment, polarized cell expansion, and cell division [17]. Clearly,
actin ﬁlament cables alone cannot support all of these processes, and
attention has therefore turned to studies of the organization and
turnover of actin ﬁlaments near the plasmamembrane. Unfortunately,
a lack of imaging technologies with the high spatial and temporal
resolution capable of revealing order within dense arrays or fast
enough to capture extremely dynamic events have hindered rapid
progress. Still several groups report ﬁne arrays of ﬁlaments associated
with sites of growth in epidermal pavement cells [18,19], and
proposals for their function center on the regulation of secretory
vesicle (or endocytic vesicle) trafﬁc (reviewed by [17,20,21]. Our
recent observations using timelapse variable-angle epiﬂuorescence
microscope imaging of the ﬂuorescent actin-binding reporter GFP-
fABD2 [22] in expanding epidermal cells of etiolated hypocotyl reveal
extraordinary cortical actin ﬁlament dynamics, with assembly rates of
1.7 μm/s and most ﬁlament lifetimes b30 s due to proliﬁc severing
activity (Staiger et al., manuscript submitted). This phenomenal
dynamic behavior of the cortical actin cytoskeleton is difﬁcult to
reconcile with models that center on vesicle trafﬁcking events, but at
least provide hope for linking observations of cytoskeleton turnover
with growth parameters. Surprisingly, from this work and previous
studies, there is little evidence for dendritic ﬁlament arrays at or near
the plasma membrane of plant cells—although these may still escape
attention if the ﬁlaments are well below the diffraction-limited
observations of light microscopy. Another interesting and unique
aspect of plant cells is the subtle defect in ﬁlament organization in
mutant plants lacking a functional Arp2/3 complex (actin-promoting
complex). Although homozygous mutant plants display defects in the
expansion of trichomes, leaf epidermal pavement cells and some
hypocotyl epidermal cells [23–25], the exact mechanism remains
subject of intensive study. One possibility is that Arp2/3-dependent
growth is associated with the behavior of vacuoles or other
endomembrane compartments, rather than events at the plasmaFig. 1. Domain organization of a typical Arabidopsis class I formin compared to a diaphanous-
no homology with the auto-inhibitory domain (DID) or diaphanous autoregulatory domain (
class I formin has a putative signal peptide (Sp) and transmembrane domain (TM) at the
domain, FH2, formin homology 2 domain, DAD, diaphanous autoregulatory domain, DID, aumembrane. Subcellular localization of active Arp2/3 complex should
help resolve these issues. The distorted class of trichome morphology
mutants has also revealed that the Rac–WAVE–Arp2/3 pathway is
conserved in plants and controls certain cell morphogenesis events
[26,27]. Interestingly, the Brk1/HSPC300 subunit of the Arabidopsis
WAVE complex is required to modulate the cellular concentration of
the Arp2/3 activator SCAR [28–30].
3. Introduction on the domain organization of plant formins
It is generally accepted that formin family members are deﬁned by
the presence of a formin homology-2 (FH2) domain. Based on this
deﬁnition, the model plant Arabidopsis thaliana has at least 21 formin
isoforms [3]. Each of these formins also contains a proline-rich, FH1
domain positioned upstream of the FH2 domain and sometimes
separated by a variable sequence. The FH1 domain, which functions in
binding to proﬁlin and proﬁlin–actin, is somewhat variable in terms of
number of repeats and conservation of the proline-rich motif among
the plant formins. This raises the possibility for isoform matching,
different afﬁnities for proﬁlin, and/or variations in processive
elongation rates [8]. Arabidopsis FORMIN isoforms are separated into
two distinct phylogenetic subfamilies [1–3]. Class I is characterized by
a putative signal peptide and predicted N-terminal transmembrane
domain that probably targets the formin to or near the plasma
membrane via the secretory pathway (Fig. 1 and [31–33]. In all class I
formins, except AtFH7, a predicted transmembrane domain is
localized in the N-terminal region of the protein [3,31]. Only limited
data are currently available for class II formins. However, based on
sequence prediction, class II formins seem to have a more diverse
domain architecture that needs to be conﬁrmed by full-length cDNAs
sequences [3]. Nevertheless, an important difference regarding the
domain organization between the plant formins and their amoebal,
fungal and metazoan counterparts is the lack of the Rho GTPase-
binding domain (GBD-GTPase binding domain/FH3), (Fig. 1). These
regulatory domains partially overlap with the auto-inhibitory domain
(DID) [34,35]. The current view of the regulation of the well-
characterized mammalian mDIA1 is that the DID interacts with the
diaphanous auto-regulatory domain (DAD) localized in the C-
terminus of the protein in the auto-inhibited state and the binding
of Rho GTPase to the GBD domain relieves this auto-inhibition. This
model has been supported biochemically for mDIA1 [34,36]. This
mechanism seems not to be conserved in Arabidopsis formins and
understanding how plant formin activity is regulated remains an
unresolved issue.
4. Physiological role of plant formins
Evidence for the plasma membrane localization of class I formins
has been generated for at least ﬁve isoforms via the overexpression of
ﬂuorescent fusion proteins as well as, in a limited number of cases,
by detection of the endogenous protein with speciﬁc antibodieslike mammalian formin. Apart from the FH1 and FH2 domains, Arabidopsis class I shares
DAD) of mDia1, a representative of mammalian formins. Further, the typical Arabidopsis
N-terminus. Sp, signal peptide, TM, transmembrane domain, FH1, formin homology 1
to-inhibitory domain, CC, predicted coiled-coil.
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fused at its C-terminus with GFP and overexpressed in tobacco pollen
tubes, a strong green ﬂuorescent signal along the cell surface is
observed, whereas the construct with just FH1 and FH2 domains is
cytosolic [31]. In a general survey to identify players implicated in
cytokinesis and division plane determination in plant cells, a GFP-
fusion protein for AtFH6 expressed in tobacco BY-2 cells and Arabi-
dopsis root tip cells shows a subcellular localization at the periphery
and predominantly at crosswalls [33]. The associationwith cross walls
and borders between adjacent cells was extended to other formin
isoforms, including AtFH4 and AtFH8, and conﬁrmed by immunolo-
calization of endogenous protein in Arabidopsis root, hypocotyl and
shoot cells [8]. Plasma membrane targeting of endogenous AtFH6 was
also convincingly demonstrated by immunolocalization in nematode-
induced giant cells of Arabidopsis roots, and conﬁrmed by immuno-
blotting of puriﬁed plasma membranes resulting from subcellular
fractionation [32]. This raises the question: What is the physiological
role of formins at transverse walls in roots or at contacts between
adjacent cells [37]? Since plants lack obvious integrin orthologues that
could link the cell wall to the cytoskeleton, class I formins with a
membrane-anchored domain and extracellular extensin-like motifs,
that perhaps anchor them to cell wall components, could play a role as
cytoskeleton–plasma membrane–cell wall linkages [8,37]. Further, as
mentioned earlier, the cell wall can be a very rigid structure and is
subjected to high turgor pressure forces [38]. Therefore, if formins are
anchored to the cell wall and connected to the actin cytoskeleton, they
will be under extreme mechanical stress similar to the one described
in recent in vitro experiments [39,40]. Perturbation of this mechanical
constraint may serve as a way to integrate signaling between the cell
wall and the actin cytoskeleton. There is also the distinct possibility
that other signals or motifs in the cytoplasmic domain, or the exact
nature of the TM domain for other class I formins, targets them to
additional membrane-bound organelles or different compartments of
the endomembrane system. This obviously needs to be tested on a
case-by-case basis and will require the generation and characteriza-
tion of further class- or isoform-speciﬁc antibodies.
Genetic evidence indicates that another class I formin, AtFH5,
functions during plant cytokinesis. The AtFH5–GFP fusion is targeted
to the developing cell plate [4], a plant-speciﬁc membranous structure
that is assembled during cytokinesis. The cell plate originates at the
center of the dividing cell and propagates centrifugally toward the
parental plasma membrane, with which it will fuse, thus completing
cell division [17]. During this process AtFH5–GFP ﬂuorescence is
predominant in young and maturating cell plates but rapidly
disappears after contact between the cell plate and the parental
plasma membrane [4]. Although the actin-based mechanisms under-
pinning cytokinesis differ dramatically between plants, animals and
fungi, it is striking to see that mutation of a key regulator of actin
dynamics results in cytokinetic defects in developing plant endo-
sperm [4].
Besides the atfh5 mutant phenotype described above, overexpres-
sion of AtFH1 and AtFH8 induces morphological defects in tip-
growing cells such as the pollen tube or root hair [31]; [7]. Ectopic,
overexpression of AtFH1 in pollen tubes can stimulate tip growth at
low levels, whereas high levels induce a large accumulation of actin
ﬁlament bundles or cables visualized in vivo after decoration by GFP-
m-talin [31]. Direct comparison between a control marker and AtFH1
overexpressed in pollen tubes revealed an increase by up to 10-fold in
the number of actin cables [31]. This increased number of actin cables
is in good agreement with the involvement of budding yeast formins,
Bni1 and Bnr1, in stimulating the assembly of actin ﬁlaments that
function as precursors for tropomyosin-stabilized cables that direct
polarized cell growth [41,42]. Overexpression of AtFH1 induces a
balloon-shaped morphological phenotype in pollen tubes and
prominent plasma membrane deformations that resemble inner
endocytic cups. Development of these membrane invaginationsrequires the presence of the N-terminal domain of AtFH1, suggesting
that a link between membrane and actin ﬁlament polymerization or
bundling is the basis for this deformation [31]. The same balloon shape
is observed in root hairs overexpressing AtFH8 [7].
A valid concern about these overexpression experiments is: What
relevance does the observed phenotype have for the physiological
function of the endogenous protein? Overexpressing an actin-binding
protein, such as formin, in a cellular context will disrupt all notion of
equilibrium in the actin dynamics machineries necessary to achieve
precise control over the elongation and shaping of tip-growing plant
cells. In this regard, it is notable that expressing the N-terminus of
AtFH8 under the control of an ethanol-inducible promoter is sufﬁcient
to induce a developmental phenotype in root hairs [8]. Therefore, the
overexpression phenotype reported for AtFH1 and AtFH8 during
elongation of tip growing cells is not necessarily related only to their
effects on the actin cytoskeleton. In any case, it seems clear that if we
focus our attention on the localization and effects on the actin
cytoskeleton for AtFH1 and AtFH8, their primary function seems to be
generation of actin bundles (cables) from a cell membrane structure
[31].
A physiological role for a speciﬁc isoform, AtFH6, can also be
deduced from the observation that it and two other formins are
upregulated during the attack of root cells by parasitic nematodes
[32]. Along with the formins, two actin isoforms, ACT2 and ACT7, are
also upregulated during nematode infection [43]. Although it is
somewhat difﬁcult to extrapolate this upregulation of formins and
actins with the resulting formation of root-knot giant cells, one
attractive model is that induction of actin cables and/or directed
vesicle trafﬁcking results in a speciﬁc cell wall deposition pattern and
cell morphogenesis. These giant cells result from massive isotropic
growth andmultiple nuclear divisions in the absence of cytokinesis. At
maturity, they can be 10-times larger than a typical root cortex cell and
may contain as many as 150 polyploid nuclei. They also serve as
transfer cells, with numerous cell wall ingrowths, and provide
nutrients to the nematode from the host plant xylem. It is perhaps
in the spatial deposition of these cell-wall ingrowths that a function
for AtFH6 might be found. In the pursuit of insights about the role of
AtFH6 in actin cytoskeleton organization, full-length AtFH6 was
shown to rescue the yeast bni1Δ bnr1Δ mutant phenotype [32]. This
result is somewhat surprising since Bn1p is regulated by protein
partners including Bud6 that binds near the diaphanous auto-
regulatory domain (DAD) that is missing in AtFH6 [44].
The 21 formin isoforms in Arabidopsis theoretically provide an
ample number of targets for reverse-genetic analysis by insertional
mutagenesis. A potential hindrance to this approach is functional
redundancy and overlapping expression patterns. Publically-available
microarray data (e.g. Genevestigator) reveals that many formins, such
as AtFH1, are expressed in nearly all plant organs and throughout
development. A given cell type or tissue is therefore likely to express
multiple formin isoforms. For example, mature pollen expresses at
least 6 formins [45,46]. Three of these are pollen-abundant or pollen-
selective, including both examples of group 1c formins (AtFH3 and
AtFH5), as well as the class II formin AtFH13. Notably, AtFH1 which
was the subject of pollen overexpression studies described above is
not normally expressed in Arabidopsis pollen [45,46]. In situations
where functional redundancy may confound identiﬁcation of pheno-
types associated with the loss of a single formin isoform, suites of
genes will have to be knocked down with RNAi or related strategies.
5. Biochemical properties of plant formins
The complexity of plant formin cellular functions described above
could be due to the large range of overlapping biochemical activities
displayed by formins. These diverse effects of plant formins on actin
dynamics currently include nucleation, capping, bundling and seve-
ring (reviewed by [47]). The yeast andmammalian cell biologists have
Table 1
Biochemical parameters controlling the interaction between Arabidopsis formin and actin
Arabidopsis formin
AtFH1(FH2) [5] AtFH1(FH1-FH2) [5] AtFH4(ΔTM) [8] AtFH5(FH2) [4] AtFH5(FH1-FH2) [4] AtFH8(FH1-FH2) [7]
Main properties
Nucleation Yes, however, ﬁlaments elongate
from pointed ends
Yes Yes No Yes Yes
Side Binding No Yes, Kd≈0.13 μM ? ? ? Yes, Kd≈0.7 μM
Barbed-end Binding Yes, Kd≈4 nM Yes, Kd≈40 nM ? No Yes, Kd≈32 nM Yes, Kd≈18 nM
Bundling No Yes ? ? ? ?
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isoforms and devoted considerable effort toward a better under-
standing of the mechanisms of action of formin in vitro [48]. Recently,
our knowledge about the biochemistry of plant formins has expandedFig. 2.Model comparing actin ﬁlament bundling by the FH1–FH2 domains of AtFH1 with the
by the nonprocessive Arabidopsis FORMIN1 (AtFH1). We propose that AtFH1 moves from the
(steps 1 and 2). AtFH1 bound to the side of a pre-existing ﬁlament can nucleate a new ac
ﬂuctuation (red arrows, step 4) favors ﬁlament-ﬁlament interaction and potentially allows
adapted from [6]. (B) In its unbound form the FH2 domain of FRL1 andmDia2 is in equilibrium
dimer that binds only to barbed ends and does not bundle ﬁlaments (step 3). The FH2 doma
(step 2a) and generates bundles (step 2b). The FH2 domain of FRL1 binds to ﬁlament barbed
bundles (step 1b). The model presented here does not address actin ﬁlament orientationwith
or mDia2, see [6,49].signiﬁcantly (see Table 1 and [4–8]). Nevertheless, and despite these
great successes, due to the large formin family in plants, we are facing
an important challenge if the goal is to correlate physiological effects
with biochemical activities. A superﬁcial analysis of simple actin-FH2 domains of FRL1 and mDia2. (A) Model for the dynamic formation of actin bundles
end to the side of an actin ﬁlament after nucleation by an uncharacterized mechanism
tin ﬁlament (step 3) and organizes actin ﬁlaments into bundles (step 4). The thermal
further stabilization by known side-binding proteins such as villin or ﬁmbrin. Model
between amonomeric and dimeric form (steps 1 and 2). The FH2 domain of mDia1 is a
in of mDia2 binds to barbed ends and to the side of ﬁlaments in a non-competitive way
ends and sides in a competitive way (step 1a) and further organizes actin ﬁlaments into
in bundles; for a discussion of ﬁlament orientation in bundles generated by AtFH1, FRL1
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reveal the mechanism(s) of action of plant formins. An analysis of
function based solely on bioinformatics data, although somewhat
informative, also can result in erroneous conclusions. AtFH1, a
member of Arabidopsis FORMIN class I, represents a great example
of a unique mechanism of action for a formin (Fig. 2; [5,6]). AtFH1 is
able to bind with high afﬁnity to the side of an actin ﬁlament (Kd of
0.13 μM); [5]). Other non-plant formins with actin ﬁlament side-
binding activity have been reported, includingmouse formin FRL1 and
mDia2 (Fig. 2; [49]) and yeast formin Bnr1 [44]. For tight side binding,
however, AtFH1 requires both the FH1 and FH2 domains [5], whereas
for FRL1 and mDia2 ﬁlament side binding just the FH2 domain is
necessary [49].
The ability of these particular formins to bind to the side of an
actin ﬁlament correlates with their bundling activity (Fig. 2; [5,49]).
This activity is similar to other actin ﬁlament bundling proteins,
including Arabidopsis ﬁmbrin and villin [50,51]. These initial
observations were based on the analysis of actin ﬁlament organiza-
tion at steady state with conventional wideﬁeld ﬂuorescence
microscopy [5,49]. To gain additional insight into the dynamic
formation of actin ﬁlament bundles generated by AtFH1 more
sophisticated techniques such as Total Internal Reﬂection Fluores-
cence Microscopy (TIRFM) are required. TIRFM is an elegant optical
technique to restrict the excitation and detection of ﬂuorophores to
a thin region of the specimen. Elimination of background ﬂuores-
cence from outside the focal plane dramatically improves the signal-
to-noise ratio and, consequently, the spatial resolution of the
features or events of interest is enhanced. The use of this technique
to study actin polymerization has been a huge step forward in the
actin ﬁeld and has led to increased understanding of the molecular
mechanism involved in actin nucleation [5,6,52,53]. During the
examination of dynamic actin bundle formation by AtFH1 with
TIRFM, it was discovered that AtFH1 is the ﬁrst example of a non-
processive formin. Indeed, AtFH1 does not remain attached at the
growing barbed end of elongating ﬁlaments, as would be expected
for a processive nucleator (Fig. 2 and [6]). All non-plant formins
until now are described as processive assembly factors [53,54]. As
AtFH1 moves from the end to the side of actin ﬁlaments, it can
promote the subsequent assembly of new actin ﬁlaments from the
side of the pre-existing ﬁlaments, thereby facilitating the formation
of longitudinal actin ﬁlament bundles (Fig. 2 and [6]). The property
of nucleating actin ﬁlaments that are in close contact is required as
a ﬁrst step in the generation of actin ﬁlament bundles (or cables). In
addition, actin crosslinking proteins such as villin or ﬁmbrin (in
plant) or fascin (in other eukaryotes) can subsequently stabilize the
contacts between two actin ﬁlaments that are just a few
nanometers apart. Besides providing valuable information about
the mechanism of action of a very unique formin, the use of TIRFM
allows a new approach for following the dynamic formation of
actin-based higher ordered structures. The ability of AtFH1 to
organize actin ﬁlament into longitudinal actin ﬁlaments is fully
consistent with the accumulation of actin cables upon overexpres-
sion of AtFH1 in pollen [31]. In a cellular context, based on its
molecular mechanism of action, AtFH1 can potentially initiate the
formation of actin cable-like structures at the plasma membrane.
The side-binding and bundling activity of AtFH1 could be important
to cluster actin cables in a very speciﬁc area. The dynamic behavior
of such cables or their life time will also depend on the context;
these cables could be further stabilized by villin or other bundling
proteins [51], or they could rapidly turnover by action of actin
depolymerizing factor (ADF)/coﬁlin or gelsolin family members
[55,56]. Localization of AtFH1 with isoform-speciﬁc antibodies will
be needed to further address the link between AtFH1 and actin
ﬁlament distribution in vivo.
The nucleating activity of other plant formin isoforms, including
AtFH5, AtFH4 and AtFH8, has been demonstrated biochemically (seeTable 1 for summary and [4–8]); however, whether or not these
isoforms are capable of processively elongating ﬁlaments at the
barbed end remains to be determined. The cytokinesis formin, AtFH5,
requires both the FH1 and the FH2 domains to nucleate actin ﬁlaments
[4]. In addition to its nucleating activity AtFH8 reportedly severs actin
ﬁlaments [7], although this activity should probably be (re-)examined
in real time by TIRFM. Only the mouse formin, INF2, has similar
severing properties; however, this activity depends on a second actin-
binding domain not found in plant formins and no physiological role
for formin severing activity has been reported to date [57]. Finally, it is
important to consider that only one isoform AtFH1 has been tested for
activity with actin or proﬁlin–actin from plant sources [5]. Although
biochemical evidence for the isovariant dynamics hypothesis is scant
[58], recent genetic data [59] suggest the need to confront some keys
results obtained on plant formins using skeletal muscle actin and
human proﬁlin with studies using plant actin or proﬁlin isoforms.
6. Concluding remarks and perspectives for the ﬁeld
Plant biologists with an interest in the actin cytoskeleton and its
myriad functions are faced with a monumental challenge in order to
understand the mechanism of action of formins in vitro and the
resulting physiological function in planta. In addition to limitations
associated with the presence of N20 formin isoforms in Arabidopsis
thaliana, whichmake it difﬁcult to address a speciﬁc physiological role
for each formin, the lack of ideal ﬂuorescent markers and cell biology
techniques to follow individual actin ﬁlament dynamics in a cellular
context presents an additional barrier to linking biochemical proper-
ties with phenotypes. In the speciﬁc case of formins, the ﬂowering
plant model Arabidopsis thaliana may not be the best system to
understand their functions. The moss Physcomitrella patens and RNAi
technology is a good alternative for tackling the physiological role of
plant-speciﬁc formins, as recently demonstrated for two other actin-
binding proteins proﬁlin and ADF/coﬁlin [60,61]. In addition, the
recent use of a combination of improved actin cytoskeleton ﬂuor-
escent markers such as GFP-fABD2 [22] and variable-angle epiﬂuor-
escence microscopy to visualize protein dynamics at or near the
plasma membrane of plant epidermal cells and root hairs provides on
interesting technical advance in the pursuit of imaging actin dynamics
in real time in plant cells ([62]; Staiger et al., manuscript submitted).
An even greater challenge is to understand how signaling is integrated
through formins to control actin dynamics. None of the regulatory
domains that may control formin activities are obviously conserved in
the plant formins. We can count on the community of plant cell
biologists to combine their efforts to produce a clear(er) picture of the
biological functions for plant formins.Acknowledgments
We thank our colleagues for stimulating discussions and valuable
advice. Research in the lab of LB is supported by Agence Nationale de
la Recherche. Formin research in the lab of CJS was funded through the
US Dept. of Agriculture, National Research Initiative Competitive
Grants Program (#2002-35304-12412). Joint activities between our
groups are funded by a PICS grant.References
[1] F. Cvrckova, Are plant formins integral membrane proteins? Genome Biol. 1
(2000) research001–007.
[2] M.J. Deeks, P.J. Hussey, B. Davies, Formins: intermediates in signal-transduction
cascades that affect cytoskeletal reorganization, Trends Plant Sci. 7 (2002) 492–498.
[3] F. Cvrckova, M. Novotny, D. Pickova, V. Zarsky, Formin homology 2 domains occur
in multiple contexts in angiosperms, BMC Genomics 5 (2004) 44.
[4] M. Ingouff, J.N. Fitz Gerald, C. Guerin, H. Robert, M.B. Sorensen, D. Van Damme, D.
Geelen, L. Blanchoin, F. Berger, Plant formin AtFH5 is an evolutionarily conserved
actin nucleator involved in cytokinesis, Nat. Cell. Biol. 7 (2005) 374–380.
206 L. Blanchoin, C.J. Staiger / Biochimica et Biophysica Acta 1803 (2010) 201–206[5] A. Michelot, C. Guerin, S. Huang, M. Ingouff, S. Richard, N. Rodiuc, C.J. Staiger, L.
Blanchoin, The formin homology 1 domain modulates the actin nucleation and
bundling activity of Arabidopsis FORMIN1, Plant Cell 17 (2005) 2296–2313.
[6] A. Michelot, E. Derivery, R. Paterski-Boujemaa, C. Guerin, S. Huang, F. Parcy, C.J.
Staiger, L. Blanchoin, A novel mechanism for the formation of actin-ﬁlament
bundles by a nonprocessive formin, Curr. Biol. 16 (2006) 1924–1930.
[7] K. Yi, C. Guo, D. Chen, B. Zhao, B. Yang, H. Ren, Cloning and functional
characterization of a formin-like protein (AtFH8) from Arabidopsis, Plant Physiol.
138 (2005) 1071–1082.
[8] M.J. Deeks, F. Cvrckova, L.M. Machesky, V. Mikitova, T. Ketelaar, V. Zarsky, B. Davies,
P.J. Hussey, Arabidopsis group Ie formins localize to speciﬁc cell membrane
domains, interact with actin-binding proteins and cause defects in cell expansion
upon aberrant expression, New Phytol. 168 (2005) 529–540.
[9] T.D. Pollard, G.G. Borisy, Cellular motility driven by assembly and disassembly of
actin ﬁlaments, Cell 112 (2003) 453–465.
[10] A. Mogilner, On the edge: modeling protrusion, Curr. Opin. Cell Biol. 18 (2006)
32–39.
[11] T.D. Pollard, L. Blanchoin, R.D. Mullins, Molecular mechanisms controlling actin
ﬁlament dynamics in nonmuscle cells, Annu. Rev. Biophys. 29 (2000) 545–576.
[12] A. Schirenbeck, T. Bretschneider, R. Arasada, M. Schleicher, J. Faix, The
Diaphanous-related formin dDia2 is required for the formation and maintenance
of ﬁlopodia, Nat. Cell Biol. 7 (2005) 619–625.
[13] H.S. van der Honing, A.M. Emons, T. Ketelaar, Actin based processes that could
determine the cytoplasmic architecture of plant cells, Biochim. Biophys. Acta 1773
(2007) 604–614.
[14] T. Shimmen, The sliding theory of cytoplasmic streaming: ﬁfty years of progress,
J. Plant Res. 120 (2007) 31–43.
[15] J.F. Li, A. Nebenfuhr, The tail that wags the dog: the globular tail domain deﬁnes
the function of myosin V/XI, Trafﬁc 9 (2008) 290–298.
[16] D. Avisar, A.I. Prokhnevsky, K.S. Makarova, E.V. Koonin, V.V. Dolja, Myosin XI-K is
required for rapid trafﬁcking of golgi stacks, peroxisomes, and mitochondria in
leaf cells of Nicotiana benthamiana, Plant Physiol. 146 (2008) 1098–1108.
[17] P.J. Hussey, T. Ketelaar, M.J. Deeks, Control of the actin cytoskeleton in plant cell
growth, Annu. Rev. Plant Biol. 57 (2006) 109–125.
[18] Y. Fu, H. Li, Z. Yang, The ROP2 GTPase controls the formation of cortical ﬁne F-actin
and the early phase of directional cell expansion during Arabidopsis organoge-
nesis, Plant Cell 14 (2002) 777–794.
[19] M.J. Frank, L.G. Smith, A small, novel protein highly conserved in plants and
animals promotes the polarized growth and division of maize leaf epidermal cells,
Curr. Biol. 12 (2002) 849–853.
[20] A. Bannigan, T.I. Baskin, Directional cell expansion—turning toward actin, Curr.
Opin. Plant Biol. 8 (2005) 619–624.
[21] L.G. Smith, D.G. Oppenheimer, Spatial control of cell expansion by the plant
cytoskeleton, Annu. Rev. Cell Dev. Biol. 21 (2005) 271–295.
[22] M.B. Sheahan, C.J. Staiger, R.J. Rose, D.W. McCurdy, A green ﬂuorescent protein
fusion to actin-binding domain 2 of Arabidopsis ﬁmbrin highlights new features
of a dynamic actin cytoskeleton in live plant cells, Plant Physiol. 136 (2004)
3968–3978.
[23] J. Mathur, N. Mathur, B. Kernebeck, M. Hulskamp, Mutations in actin-related
proteins 2 and 3 affect cell shape development in Arabidopsis, Plant Cell 15 (2003)
1632–1645.
[24] J. Le, D. El-Assal Sel, D. Basu, M.E. Saad, D.B. Szymanski, Requirements for Arabi-
dopsis ATARP2 and ATARP3 during epidermal development, Curr. Biol. 13 (2003)
1341–1347.
[25] S. Li, L. Blanchoin, Z. Yang, E.M. Lord, The putative Arabidopsis arp2/3 complex
controls leaf cell morphogenesis, Plant Physiol. 132 (2003) 2034–2044.
[26] D. El-Assal Sel, J. Le, D. Basu, E.L. Mallery, D.B. Szymanski, Arabidopsis GNARLED
encodes a NAP125 homolog that positively regulates ARP2/3, Curr. Biol. 14 (2004)
1405–1409.
[27] M.J. Deeks, D. Kaloriti, B. Davies, R. Malho, P.J. Hussey, Arabidopsis NAP1 is
essential for Arp2/3-dependent trichome morphogenesis, Curr. Biol. 14 (2004)
1410–1414.
[28] S. Djakovic, J. Dyachok, M. Burke, M.J. Frank, L.G. Smith, BRICK1/HSPC300
functions with SCAR and the ARP2/3 complex to regulate epidermal cell shape in
Arabidopsis, Development 133 (2006) 1091–1100.
[29] J. Le, E.L. Mallery, C. Zhang, S. Brankle, D.B. Szymanski, Arabidopsis BRICK1/
HSPC300 is an essential WAVE-complex subunit that selectively stabilizes the
Arp2/3 activator SCAR2, Curr. Biol. 16 (2006) 895–901.
[30] D. Basu, J. Le, T. Zakharova, E.L. Mallery, D.B. Szymanski, A SPIKE1 signaling
complex controls actin-dependent cell morphogenesis through the heteromeric
WAVE and ARP2/3 complexes, Proc. Natl. Acad. Sci. U. S. A. 105 (2008) 4044–4049.
[31] A.Y. Cheung, H.M. Wu, Overexpression of an Arabidopsis formin stimulates
supernumerary actin cable formation from pollen tube cell membrane, Plant Cell
16 (2004) 257–269.
[32] B. Favery, L.A. Chelysheva, M. Lebris, F. Jammes, A. Marmagne, J. De Almeida-
Engler, P. Lecomte, C. Vaury, R.A. Arkowitz, P. Abad, Arabidopsis formin AtFH6 is a
plasma membrane-associated protein upregulated in giant cells induced by
parasitic nematodes, Plant Cell 16 (2004) 2529–2540.[33] D. Van Damme, F.Y. Bouget, K. Van Poucke, D. Inze, D. Geelen, Molecular dissection
of plant cytokinesis and phragmoplast structure: a survey of GFP-tagged proteins,
Plant J. 40 (2004) 386–398.
[34] F. Li, H.N. Higgs, Dissecting requirements for auto-inhibition of actin nucleation by
the formin, mDia1, J. Biol. Chem. 280 (2005) 6986–6992.
[35] F. Rivero, T. Muramoto, A.K. Meyer, H. Urushihara, T.Q. Uyeda, C. Kitayama, A
comparative sequence analysis reveals a common GBD/FH3-FH1-FH2-DAD
architecture in formins from Dictyostelium, fungi and metazoa, BMC Genomics 6
(2005) 28.
[36] F. Li, H.N. Higgs, The mouse Formin mDia1 is a potent actin nucleation factor
regulated by autoinhibition, Curr. Biol. 13 (2003) 1335–1340.
[37] F. Baluska, A. Hlavacka, Plant formins come of age: something special about cross-
walls, New Phytol. 168 (2005) 499–503.
[38] C. Wei, P.M. Lintilhac, Loss of stability: a new look at the physics of cell wall
behavior during plant cell growth, Plant Physiol. 145 (2007) 763–772.
[39] D.R. Kovar, T.D. Pollard, Insertional assembly of actin ﬁlament barbed ends in
associationwith formins produces picoNewton forces, Proc. Natl. Acad. Sci. U. S. A.
101 (2004) 14725–14730.
[40] J. Berro, A. Michelot, L. Blanchoin, D.R. Kovar, J.L. Martiel, Attachment conditions
control actin ﬁlament buckling and the production of forces, Biophys. J. 92 (2007)
2546–2558.
[41] M. Evangelista, D. Pruyne, D.C. Amberg, C. Boone, A. Bretscher, Formins direct
Arp2/3-independent actin ﬁlament assembly to polarize cell growth in yeast, Nat.
Cell Biol. 4 (2002) 260–269.
[42] I. Sagot, S.K. Klee, D. Pellman, Yeast formins regulate cell polarity by controlling
the assembly of actin cables, Nat. Cell Biol. 4 (2002) 42–50.
[43] J. de Almeida Engler, K. Van Poucke, M. Karimi, R. De Groodt, G. Gheysen, G. Engler,
Dynamic cytoskeleton rearrangements in giant cells and syncytia of nematode-
infected roots, Plant J. 38 (2004) 12–26.
[44] J.B. Moseley, B.L. Goode, Differential activities and regulation of S. cerevisiae
formins Bni1 and Bnr1 by Bud6, J. Biol. Chem. 280 (2005) 28023–28033.
[45] D. Honys, D. Twell, Comparative analysis of the Arabidopsis pollen transcriptome,
Plant Physiol. 132 (2003) 640–652.
[46] C. Pina, F. Pinto, J.A. Feijo, J.D. Becker, Gene family analysis of the Arabidopsis pollen
transcriptome reveals biological implications for cell growth, division control, and
gene expression regulation, Plant Physiol. 138 (2005) 744–756.
[47] C.J. Staiger, L. Blanchoin, Actin dynamics: old friends with new stories, Curr. Opin.
Plant Biol. 9 (2006) 554–562.
[48] B.L. Goode, M.J. Eck, Mechanism and function of formins in control of actin
assembly, Annu. Rev. Biochem. 76 (2007) 593–627.
[49] E.S. Harris, I. Rouiller, D. Hanein, H.N. Higgs, Mechanistic differences in actin
bundling activity of two mammalian formins, FRL1 and mDia2, J. Biol. Chem. 281
(2006) 14383–14392.
[50] D.R. Kovar, C.J. Staiger, E.A. Weaver, D.W. McCurdy, AtFim1 is an actin ﬁlament
crosslinking protein from Arabidopsis thaliana, Plant J. 24 (2000) 625–636.
[51] S. Huang, R.C. Robinson, L.Y. Gao, T. Matsumoto, A. Brunet, L. Blanchoin, C.J. Staiger,
Arabidopsis VILLIN1 generates actin ﬁlament cables that are resistant to
depolymerization, Plant Cell 17 (2005) 486–501.
[52] K.J. Amann, T.D. Pollard, Direct real-time observation of actin ﬁlament branching
mediated by Arp2/3 complex using total internal reﬂection ﬂuorescence
microscopy, Proc. Natl. Acad. Sci. U. S. A. 98 (2001) 15009–15013.
[53] D.R. Kovar, E.S. Harris, R. Mahaffy, H.N. Higgs, T.D. Pollard, Control of the assembly
of ATP- and ADP-actin by formins and proﬁlin, Cell 124 (2006) 423–435.
[54] D. Vavylonis, D.R. Kovar, B. O'Shaughnessy, T.D. Pollard, Model of formin-
associated actin ﬁlament elongation, Mol. Cell 21 (2006) 455–466.
[55] S.K. Maciver, P.J. Hussey, The ADF/coﬁlin family: actin-remodeling proteins,
Genome Biol. 3 (2002) reviews3007.1–3007.12.
[56] S. Huang, L. Blanchoin, F. Chaudhry, V.E. Franklin-Tong, C.J. Staiger, A gelsolin-like
protein from Papaver rhoeas pollen (PrABP80) stimulates calcium-regulated
severing and depolymerization of actin ﬁlaments, J. Biol. Chem. 279 (2004)
23364–23375.
[57] E.S. Chhabra, H.N. Higgs, INF2 Is a WASP homology 2 motif-containing formin that
severs actin ﬁlaments and accelerates both polymerization and depolymerization,
J. Biol. Chem. 281 (2006) 26754–26767.
[58] R.B. Meagher, E.C. McKinney, M.K. Kandasamy, Isovariant dynamics expand and
buffer the responses of complex systems: the diverse plant actin gene family, Plant
Cell 11 (1999) 995–1006.
[59] M.K. Kandasamy, B. Burgos-Rivera, E.C. McKinney, D.R. Ruzicka, R.B. Meagher,
Class-speciﬁc interaction of proﬁlin and ADF isovariants with actin in the
regulation of plant development, Plant Cell 19 (2007) 3111–3126.
[60] L. Vidali, R.C. Augustine, K.P. Kleinman, M. Bezanilla, Proﬁlin is essential for tip
growth in the moss Physcomitrella patens, Plant Cell 19 (2007) 3705–3722.
[61] R.C. Augustine, L. Vidali, K.P. Kleinman, M. Bezanilla, Actin depolymerizing factor is
essential for viability in plants, and its phosphoregulation is important for tip
growth, Plant J. 54 (2008) 863–875.
[62] C.A. Konopka, S.Y. Bednarek, Variable-angle epiﬂuorescence microscopy: a new
way to look at protein dynamics in the plant cell cortex, Plant J. 53 (2008)
186–196.
